INTRODUCTION
, and it results in a high-resolution virtual image [Deering 1992 ]. It has been previously shown that for the task of determining connectivity in a data network, head tracking appears to be more important than stereopsis in enhancing the comprehension of 3D information [Arthur et al. 1993; Ware et al. 1993 ]. However, a much more fundamental task, common to many applications is that of reaching for a target using visually guided hand motion. Target acquisition has been extensively studied in one-and two-dimensional reaching tasks, and many studies have shown that average times can be accurately accounted for using Fitts'
Law [Fitts 1954; Keele and Posner 1986; Liang et al. 1991 But these were not large, and no statistical tests were applied.
FITTS' LAW WITH A MODEL OF LAG
itts' Law is one of the most successful formulas m human factors research. This law describes the time taken to acquire a visual target using some kind of manual input device. Although there are many variants on Fitts' Law the most commonly used is
Mean Time = Cl + C'210g2(D\W + 0.5)
where D is the distance to the center of the target, W is the target width; C'l and C72 are experimentally determined constants. Fitts' Law was originally 
The quantity l/C2 is called the index of performance; the units are bits per second.
There is some evidence that the process modeled by Fitts' Law is a series of movements each of which gets the hand-guided probe closer to the target, until the probe actually falls within the target area [Sheridan and Ferrell 1963] . In reality, the hand will not come to a complete stop; instead a series of corrections will be applied in a dynamic feedback loop. This loop is illustrated in Figure  1 , 
STEREOPSIS IN COMPUTER GRAPHICS
A stereo display takes advantage of the ability of the visual system to resolve the differences between the images presented to the two eyes as information about the layout of objects in space. Figure  2 (a) shows the simplest possible stereo display.
Two lines are spaced differently for the two eyes (the difference in angles a and P subtended at the eyes is called the stereo disparity). Figure  2( In VR systems some measure of lag in the head-tracking and hand-tracking systems is inevitable; also relatively low image update rates must often be endured. We investigated the following: direction of movement, the effects of lag in the handtracking system, the effects of lag in the head-tracking system, target acquisi-. C. Ware and R. Balakrishnan tion with flat pizza box targets and with cube targets, the effects of diplopia, and finally the effects of frame rate on performance.
EXPERIMENT I: FITTS' LAW IN 3D (ONE-DIMENSIONAL
TASK)
The first experiment had the following two goals.
(1) Test extended Fitts' Law: If the lag model described in the introduction is correct then it should account for most of the variance in a variable lag target acquisition experiment.
(2 The apparatus. This photograph shows a subject using the system. All the major components are represented: Head tracking and stereo using CrystalEyes 'M VFt shutter glasses, Bat input device, the cursor and the target. The subject is closer to the monitor than he would normally be.
relatively slow green phosphor of the monitor. The separation between the tiles varied and represents the width of the target for index-of-difficulty calculations.
The targets are shown in Figure  5 .
Procedure. There were a total of five different lag conditions which included three levels of head lag and three levels of hand lag as shown below. The actual lag was measured using the method described in the Appendix.
Performance was evaluated for both horizontal motion (X direction) and motion into the screen (Z direction). This results in 5*2 = 10 different direction-lag combinations.
Since we wished to carry out a Fitts' Law analysis
for each, subjects were tested using three target distances (4, 8, and 16 cm) and two target widths (2 and 4 cm). This yields a total 5*2*3*2 = 60 conditions. There were 10 trials per condition structured in the manner described below. The experiment was conducted over two one-hour sessions on separate days. At the start of each session, the subject received a practice set of blocks consisting of all possible lag, direction, and distance-width combinations but with no repetitions. Following this, subjects were presented with ten blocks of trials, one for each direction-lag combination.
A block consisted of 32 trials, five trials for each of the six distance-width combinations, together with two practice trials given at the start of each block to familiarize the subject with that particular lag and direction. Ignoring the practice trials, we see that the result is 30 trials per block, 10*30 = 300 trials per session, and 2* 300 = 600 trials per subject. The blocks were presented in random order, and the trials within each block were also randomized. At the start of a trial in the X direction, the cursor appeared 8 cm to the left of the center of the screen and in the plane of the screen. The target then appeared 0.33 sec later to the right of the cursor by the appropriate distance for that trial (measured from the center of the cursor to the center of the target).
In the Z direction, the cursor appeared 8 cm in front of the center of the screen, and the target appeared behind the cursor (i.e., going into the screen) by the appropriate distance.
In both directions, the front face of the target was perpendicular to the cursor in the X and Z directions respectively. Therefore, although the user moves in three-dimensional space the task is essentially one dimensional because of the flattened nature of the target. The subject completed a trial by pressing the button on the Bat, which had the effect of binding the xyz position of the hand to the start position of the cursor, moving the cursor into the box bounded by the target's two tiles and releasing the button when she was satisfied that the center of the cursor was inside the target. we ran a set of regressions using the three-coefficient model given by Eq. (4) (this assumes that lag will have a multiplicative effect on the index of difficulty).1
The regression results for the hand lag conditions were as follows:
In the X direction: The plot shown in Figure 6 shows the mean response times plotted against index of difficulty for the three hand lag conditions (X and Z values combined).
The overall index of performance for the above data is 1/( However, in many situations diplopia will occur because the binocular disparity is too great, and it is important to determine if this is a significant factor in target acquisition times.
Method for Experiment 2
Stimuli. The target was changed to a cube with solid borders (l-pixel wide antialiased lines) and translucent faces. The back face of the cube, respective to the direction of movement, was made more opaque than the other five faces. This served as an aid in determining when the cursor had penetrated the back face and was no longer inside the target. The cursor width was reduced to 0.43 cm because the smallest target was a 0.5 cm (approximately 18 pixels) cube.
Procedure. The target acquisition task was performed in the X direction and in two variations in the Z direction (see Figure 7 ). As in Experiment 1, at the start of a trial in the X direction, the cursor appeared 8 cm to the left of the center of the screen and in the plane of the screen while the target appeared to the right of the cursor by the appropriate distance for that trial. In the first variation in the Z direction, henceforth referred to simply as the Z direction, the cursor appeared in the center and in the plane of the screen, and the target appeared behind the cursor (i.e., going into the screen) by the appropriate distance. This did not cause diplopia.
In the second variation, henceforth referred to as the Z' direction, the target appeared in the center the region where we used it. We therefore excluded these data from subsequent analysis.
We performed an analysis of variance between the X, Z, and Z' conditions which showed a significant main effect for the X, Z, and Z' directions, F(2, 22) = 4.9. However an analysis of variance comparing the diplopia conditions (Z and Z') revealed no significant effect F(I, 11) = 1.58. Overall, performance in the Z and Z' directions was 95Z0 slower than performance in the X direction, as was found for Experiment 1. Overall these results are consistent with a degradation in performance due to direction but none due to diplopia.
As in Experiment 1 we ran regressions using the model given by Eq. (4).
In the X direction: The surprising result here is that the combined r2 value is nearly as high as the individual values. The overall index of performance for the above data is l/(1.50* 0.276) = 2.4 bits per second which is considerably lower than that found for the first experiment. Table II which shows no consistent effect for direction.
Discussion of Experiment 2
The use of targets that were symmetric in the X and Z conditions can account for the finding that errors did not vary in the X and Z conditions as they did in Experiment 1. The fact that diplopia had no effect is good news for users of this kind of display because diplopia cannot be avoided given a reasonable depth to the image space. can be attributed simply to the low frame rate.
Method for Experiment 3
Stimuli. The background stimulus was identical to that of Experiments 1 and 2. The target and cursor were identical to that of Experiment 2.
Procedure. The base condition with minimal hand lag was combined with 17 other conditions in which hand lag was introduced in three different ways.
Head lag was 97 msec throughout.
In this experiment lag was introduced in three different ways:
(1) High frame rate: In this condition the frame rate was maintained at 60 Hz, and lag was introduced by queuing the hand-tracking device input so that they took effect an integer number of frames later. 6.2 Results for Experiment 3 Figure  9 shows averaged target acquisition times with both early and late sampling of the hand-tracking device. This shows clearly an overall advantage for late sampling as should be expected. Overall, the data showed that performance in the Z direction was 10% slower than that in the X direction F(l, 11) = 10.7.
The following regression values were obtained for the various conditions The plots shown in Figure  10 illustrate the mean response times plotted against index of difilculty for three methods of introducing lag (X and Z data combined). The overall index of performance for the above data is 1/(1.95" 0.209) = 2.4 bits per second which is the same as that found for Experiment 2 and again considerably lower than that found for the first experiment.
The real test of the model from Eq. (4) is how well a single regression equation accounts for the data from all three sets of conditions. As can be seen above when we combined three sets of conditions the overall value for r 2 dropped to 0.89. This is still a respectable value, but we decided to reevaluate one of our assumptions to see if we could do better. This is the assumption (Eq. (9)) that an image is perceived at the middle of the frame of interval. In the Introduction, we also alluded to the possibility that lag could also be effectively introduced because of low device sampling rates. Consider the case . C. Ware and R. Balakrishnan -------+ -. . . . . ..j.. -------------------. ... . . . .' +------------ at least some system lag in all Fitts' Law experiments. it is not at all clear how this information will affect human performance characteristics for the reaching task, and this is therefore an uncontrolled factor in the experiments.
